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Abstract
Background—Rapid tolerance to the anxiolytic effects of ethanol appears to be an important
factor in the development of alcoholism. Here, we investigated the involvement of amygdaloid
histone deacetylases (HDAC)-induced epigenetic changes in rapid ethanol tolerance (RET).

Methods—RET in rats was induced by two ethanol injections administered 24 hrs apart. Both
ethanol-tolerant and control rats were treated with the HDAC inhibitor, trichostatin A (TSA), and
anxiety-like behaviors were measured. HDAC activity, histone (H3 & H4) acetylation, and
neuropeptide Y (NPY) expression in the amygdala of these rats were also measured.

Results—A single ethanol exposure was able to produce an anxiolytic response, inhibit
amygdaloid HDAC activity, and increase both histone acetylation and NPY expression (mRNA
and protein levels) in the central nucleus of amygdala (CeA) and medial nucleus of amygdala
(MeA) of rats. In contrast, two exposures of the same dose of ethanol (24 hrs apart) neither elicited
a similar anxiolytic response nor modulated HDAC activity, histone acetylation, or NPY
expression in the amygdala. However, exposure to a higher dose of ethanol on the second day was
able to produce an anxiolytic response and also inhibit amygdaloid HDAC activity. TSA treatment
caused the reversal of RET by inhibiting HDAC activity thereby increasing histone acetylation
and NPY expression in the CeA and MeA.

Conclusions—Cellular tolerance to the initial acute ethanol-induced inhibition of HDAC
activity and the subsequent up-regulation of histone acetylation and NPY expression in the
amygdala may be involved in the mechanisms underlying rapid tolerance to the anxiolytic effects
of ethanol.
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Alcohol tolerance is a functional phenomenon that can be defined as the need for a higher
dose of alcohol to achieve the initial responses of alcohol exposure and may thereby play
important roles in the development of dependence and in promoting alcohol drinking
behaviors (Kalant 1998; Tabakoff et al., 1986). Alcohol tolerance is an important criterion
used to clinically diagnose alcohol dependence, according to the Diagnostic and Statistical
Manual of Mental Disorders IV (DSM IV) guidelines (American Psychiatric Association,
1994). Various forms of alcohol tolerance have been identified, such as acute functional
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tolerance (AFT), rapid ethanol tolerance (RET), and chronic ethanol tolerance (CET)
(Kalant 1998; Tabakoff et al., 1986). AFT can develop during a single session of alcohol
consumption (Mellanby 1919), whereas CET has been observed after long-term ethanol
exposure (Kalant 1998; Tabakoff et al., 1986). RET develops between 8 and 24 hrs after the
first ethanol exposure (Crabbe et al., 1979; Khanna et al., 1991, 1996; Koob et al., 1987) and
can serve as a good predictor of CET (Khanna et al., 1991).

Tolerance to some of the behavioral effects of ethanol, such as hypothermia, ataxia,
sedation, hypnosis, and related neurobiological mechanisms has been studied (Chandler et
al., 1998; Crabbe et al., 1979; Gill and Deitrich, 1998; Kalant 1998; Khanna et al., 1991;
Kurtz et al., 1996). However, few studies have been conducted in relation to rapid tolerance
to the anxiolytic effects of ethanol in animal models (Debatin and Barbosa, 2006; Koob et
al., 1987). Alcohol produces anxiolytic effects in humans and rapid tolerance to these
anxiolytic effects may be involved in promoting alcohol drinking in alcoholics (Cloninger et
al., 1988; Cooper et al., 1995; Debatin and Barbosa, 2006; Lipscomb et al., 1980; Moberg
and Curtin, 2009). Thus, identifying the molecular mechanisms underlying rapid tolerance
to the anxiolytic effects of ethanol is important in order to gain a better understanding of the
processes of alcohol addiction.

Several studies indicate that epigenetic mechanisms, such as covalent histone modifications
via acetylation, phosphorylation and methylation, and DNA methylation, appear to be
involved in the pathophysiology of brain disorders including addictive behaviors (Feng and
Fan, 2009; Grayson et al., 2010; Kazantsev and Thompson, 2008; Renthal and Nestler,
2008; Tsankova et al., 2007). Histone acetyltransferases and histone deacetylases (HDAC)
can respectively add or remove acetyl groups from histones, thereby eliciting changes in the
chromatin structure leading to altered gene expression (Kalkhoven 2004; Korzus et al.,
2004; Smith 1991; Strahl and Allis, 2000). Amygdaloid structures, particularly the central
nucleus of amygdala (CeA) and medial nucleus of amygdala (MeA), serve as major
neuroanatomical substrates for anxiety and alcohol-drinking behaviors (Davis 1997; Koob
2003; McBride 2002; Pandey et al., 2006). The neuropeptide Y (NPY) system in these
amygdaloid brain regions has been shown to be involved in anxiety and alcohol-drinking
behaviors in various animal models (Gilpin et al., 2008; Heilig 1995; Heilig et al., 1989;
Pandey 2004; Pandey et al., 2005, 2008; Primeaux et al., 2006; Thorsell et al., 2007; Zhang
et al., 2010).

We have recently shown that attenuation of amygdaloid HDAC activity by trichostatin A
(TSA), a potent HDAC inhibitor, was able to correct deficits in histone acetylation (H3-K9
& H4-K8) and NPY expression in the CeA and MeA, while simultaneously preventing
anxiety-like behaviors in rats under going withdrawal after chronic ethanol exposure
(Pandey et al., 2008). However, the role of amygdaloid chromatin remodeling in the
development of rapid tolerance to the anxiolytic effects of ethanol is currently unknown.
Therefore, we investigated the role of amygdaloid HDAC-induced histone modifications and
related changes in NPY expression in the development of RET.

MATERIALS AND METHODS
Animals and pharmacological manipulations

Adult male Sprague Dawley rats (290–325 g) were used in the present study. All procedures
were conducted in accordance with the NIH guidelines for the Care and Use of Laboratory
Animals, and approved by the Institutional Animal Care and Use Committee. Ethanol was
diluted to 200 mg/ml in n-saline, and was injected as 5 or 10 μl/g of body weight to achieve
a dose of 1 or 2 g/kg of body weight, respectively. Trichostatin A (TSA; Sigma, St. Louis)
was dissolved in DMSO to a 5 mg/ml concentration and was further diluted in phosphate
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buffered saline (PBS; 1:5), as described by us (Pandey et al., 2008) and other investigators
(Korzus et al., 2004; Kumar et al., 2005). A TSA dose of 2 mg/kg was used and DMSO
diluted in PBS (1:5) was used as vehicle.

Rapid ethanol tolerance and dose-dependent effects
For the development of RET, we employed a consecutive acute ethanol exposure paradigm,
as reported earlier (Debatin and Barbosa, 2006). On the first day, rats were intraperitoneally
(I.P.) injected with either n-saline (5 μl/g) or ethanol (1 g/kg) and were not subjected to
behavioral measurements. On the following day (24 hrs after the first injection), n-saline
treated rats were injected with either n-saline (Control group; n=7) or ethanol (1 g/kg)
(Ethanol group; n=7), whereas ethanol-treated rats were injected with either 1 g/kg [Tolerant
(1g) group; n=7] or 2 g/kg [Tolerant (2 g) group; n=7] doses of ethanol. One hour post-
injection, rats were subjected to measurements of anxiety-like behaviors using the light/dark
box (LDB) exploration test, as described below. Immediately after the behavioral
measurements, animals were anesthetized with pentobarbital (50 mg/kg) and decapitated.
The brains were taken out to dissect the amygdaloid tissues, which were quickly frozen and
stored at −80 °C until used to measure HDAC activity.

Effect of TSA on rapid tolerance to the anxiolytic effects of ethanol
On the first day, rats were I.P. injected with either n-saline (5 μl/g) or ethanol (1 g/kg) and
were not subjected to behavioral measurements. On the following day, n-saline injected rats
(24 hrs after the first injection) were divided into: 1) control+ vehicle group [received I.P.
injection with vehicle followed by n-saline injection after 1 hr; n=19], 2) control+ TSA
group [received I.P. injection with TSA (2 mg/kg) followed by n-saline injection after 1 hr;
n=16], and 3) ethanol+ vehicle group [received I.P. injection with vehicle followed by
ethanol injection (1 g/kg) after 1 hr; n=19]. The next two groups were derived from the
ethanol-injected rats (24 hrs after the first injection) and divided into: 4) tolerant+ vehicle
group [received I.P. injection with vehicle followed by ethanol injection (1 g/kg) after 1 hr;
n=19] and 5) tolerant+ TSA group [received I.P. injection with TSA (2 mg/kg) followed by
ethanol injection (1 g/kg) after 1 hr; n=16]. In another batch of rats, we examined the effects
of ethanol in TSA pre-treated rats. For this experiment, rats were treated on the first day
with n-saline (5 μl/g) and on the second day after 24 hr, one group of rats was injected with
vehicle followed by n-saline after 1 hr (Control + vehicle group; n=6), a second group of rats
was injected with vehicle followed by ethanol (1g/kg) after 1 hr (Ethanol + vehicle group;
n=6), and a third group of rats was first injected with TSA followed by ethanol (1g/kg) after
1 hr (Ethanol + TSA group; n=6). In all experiments, on day 2, one hour after the n-saline or
ethanol injections and 2 hrs after the vehicle or TSA treatments, anxiety-like behaviors of
the rats were measured using either the LDB or elevated plus maze (EPM) exploration tests,
as described below.

Rats were anesthetized with pentobarbital (50 mg/kg) immediately after the behavioral
measurement. Amygdaloid tissues of some rats, primarily containing CeA and MeA, were
dissected out, quickly frozen and then stored at − 80 °C until used to measure HDAC
activity. Some rats were perfused with n-saline followed by ice-cold 4% paraformaldehyde
(PFA, pH 7.4) prepared in 0.1 M phosphate buffer (pH 7.4). After perfusion, brains were
dissected out, postfixed overnight in 4% PFA, followed by a sucrose gradient (10, 20, and
30%) prepared in 0.1M phosphate buffer. Brains were frozen and stored at −80 °C until used
for gold immunolabeling and in situ reverse transcription (RT)-PCR. Just prior to brain
collection, blood was obtained from all rats injected with ethanol for measurement of blood
ethanol levels using the Analox Alcohol Analyzer (Lunenburg, MA).
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Elevated plus maze exploration test
Anxiety-like behavior was measured with EPM, as previously described by us and other
investigators (File 1993; Pandey et al., 2006, 2008). Briefly, each rat was placed on the
central platform of the plus maze and the number of entries and the time spent in each arm
(open or closed) during the 5-min test period was recorded. The results are represented as
percent open arm entries and the time spent in the open arm. The total number of closed arm
entries was used to represent general activity of rats (File 1993; Pandey et al., 2006).

Light dark box exploration test
The LDB exploration test for anxiety-like measurement was performed, as described
previously by us (Pandey et al., 2008; Zhang et al., 2010). The light and dark compartments
of the LDB were connected to infrared beam and rat activity in each compartment was
monitored by the computer for the 5-min test session. The percent time spent in either the
light or dark compartment by each rat was calculated. Total ambulations in the light and
dark compartments were recorded as the general activity of the rat.

HDAC activity in the amygdala
HDAC activity in amygdaloid tissues was measured, as described by us previously (Pandey
et al., 2008). In brief, total cell lysates (cytosolic plus nuclear fractions) were prepared using
a nuclear extraction kit (Sigma, St. Louis, MO). HDAC activity (class I and II HDACs) was
assayed using the colorimetric HDAC activity assay kit (BioVision Research, Mountain
View, CA). Optical density (O.D.) was measured using an ELISA plate reader at 405 nm
(Spectra MR; DynexTechnologies, Chantilly, VA). The results are represented as the mean
percent of controls.

Gold immunolabeling for acetylated histones H3 and H4, and NPY
Coronal sections of brains (20 μm) were used for the gold immunolabeling histochemical
procedure, as described previously by us (Pandey et al., 2008; Zhang et al., 2010). In brief,
sections were washed and incubated in RPMI 1640 medium containing L-Glutamine (Life
Technologies, Grand Island, NY) for 30 min. Sections were incubated with 10% normal
goat serum (NGS) diluted in PBS containing 0.25% Triton X-100 (PBST) for 30 min at
room temperature. After blocking the sections with 1% BSA in PBST, they were incubated
with antibodies against acetylated histone H3-Lys 9 (1:500), acetylated histone H4-Lys8
(1:500) (Millipore, Billerica, MA) or NPY (1:500; Immunostar, Hudson, WI) diluted in 1%
BSA prepared in PBST for 18 h at room temperature. Sections were then washed with PBS
followed with 1% BSA in PBS, followed by incubation with gold particle (1.4 nm)-
conjugated anti-rabbit secondary antibody (1:200 dilution in 1% BSA in PBS; Nanoprobes,
Inc., Yaphank, NY) for 1 hr at room temperature. After washing the sections with 1% BSA
in PBS, they were washed with distilled water. Gold particles were then silver enhanced
(Ted Pella Inc., Redding, CA) for 12 to 20 min and washed several times with tap water.
The sections were then mounted on slides and examined under a light microscope.
Quantification of the immunolabeled gold particles was performed by the computerized
Image Analyzer (Loats Associates, Westminster, MD), as described previously by us
(Pandey et al., 2006, 2008; Zhang et al., 2010). The results are represented as the number of
immunogold particles per 100 μm2 area.

In situ reverse transcription (RT)-PCR for NPY mRNA measurement
In situ RT-PCR of NPY mRNA was performed in 40 μm thick coronal brain sections, as
described by us previously (Pandey et al., 2008; Zhang et al., 2010). Briefly, brain sections
(40 μm) were treated with proteinase K and then digested with DNase. Sections after
washing with PBS, were transferred to PCR tubes containing 100 μl of PCR reaction
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mixture (Applied Biosystems, Foster City, CA) to reverse transcribe for 1 h at 42 °C in the
presence of oligo d(T)16 using reverse transcriptase (RT) enzyme. Negative control sections
were also reverse transcribed, however, without RT enzyme. PCR was performed (94°C for
3 min; 94°C for 45 sec; 60°C for 45 sec; 72°C for 45 sec; for a total of 25 cycles and then
72°C for 7 min) using Taq DNA polymerase enzyme and 100 pmol of each NPY primer
(Primers 5′-TAGGTAACAAACGAATGGGG-3′ and 5′-
AGGATGAGATGAGATGTGGG-3′) and 1 mM of each NTP (except that dTTP was
replaced by digoxigenin (DIG)-11-dUTP) in 100 μl reaction mixture. Once the PCR
amplification process was complete, sections were carefully mounted on slides and NPY
mRNA-positive cells were detected by an alkaline phosphatase conjugated anti-DIG
antibody employing NBT/BCIP as the specific substrate (Roche Molecular Biochemical,
Mannheim, Germany). The optical density (O.D.) of NPY-positive cell bodies from three
fields in the amygdaloid structures of each of the three brain sections from each rat was
calculated and values were then averaged. The results are represented as mean O.D./100
pixels of area.

Confocal microscopy for the localization of acetylated histones H3 and H4, and NPY in
neurons (NeuN) in amygdala

We used confocal microscopy to examine the cell-type specific [neuron-specific nuclear
protein (NeuN)] localization of acetylated histones H3 and H4, and NPY, according to the
procedure previously reported by us (Zhang et al., 2010). Coronal brain sections (20 μm)
were incubated with antibodies against acetylated histones (H3-K9 or H4-K8) or NPY and
co-incubated with NeuN (Millipore, Billerca) antibody. Negative control sections were
incubated in 2% normal goat serum diluted in PBST. Sections were then incubated with
AlexaFluor-488 dye-conjugated goat anti-rabbit or AlexaFluor-568 dye-conjugated goat
anti-mouse secondary antibodies (Molecular Probes Inc., Eugene, OR) to co-localize the
acetylated histones H3 or H4, or NPY with NeuN, respectively. Sections were mounted on
microscope slides and viewed using a confocal microscope (LSM 510, Zeiss, Thornwood).

Statistical analysis
The differences between the various groups were tested for significance using a one way
ANOVA test. Tukey’s test was applied for Post hoc multiple comparisons. The p values less
than 0.05 were considered to be significant.

RESULTS
Rapid tolerance to anxiolytic effects and HDAC activity: ethanol dose-response

We examined the development of rapid tolerance to the anxiolytic effects of ethanol (Figure
1A) and ethanol-induced changes in HDAC activity in the amygdala (Figure 1B) of rats. We
found that one dose of ethanol (1 g/kg; Ethanol group) produced anxiolytic effects, as the
rats spent significantly (p<0.001) less time in the dark compartment and more time in the
light compartment of the LDB (Figure 1A). Interestingly, two doses of 1 g/kg ethanol (24
hrs apart) elicited no anxiolytic effects in rats [Tolerant (1g) group]. However, a 1 g/kg
injection of ethanol on the first day, followed by a 2 g/kg ethanol injection on the second
day [Tolerant (2g) group] significantly (p<0.001) resulted in anxiolytic effects, as observed
during LDB exploration test. The blood ethanol levels (mg %) of the animals in various
groups (mean± SEM; n=7) were 85.13±2.15 (Ethanol), 85.36±2.95 [Tolerant (1g)], and
169.24±4.55 [Tolerant (2g)].

We also found that two exposures of ethanol (1 g/kg on the first day followed by 1 g/kg on
the second day) did not significantly modify HDAC activity in the amygdala, whereas
HDAC activity was significantly (p<0.01) inhibited by a single ethanol exposure (Figure
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1B). In addition, tolerance to ethanol-induced HDAC inhibition in the amygdala was
reversed (p<0.05) by treatment with high doses of acute ethanol (1 g/kg ethanol on the first
day followed by 2 g/kg ethanol on the second day). These results suggest that rapid
tolerance to the anxiolytic effects of acute ethanol may be related to the development of
cellular tolerance at the level of HDAC activity in the amygdala of rats. The second high
dose (2 g/kg) but not low dose (1 g/kg) of ethanol exposure, elicited anxiolytic effects and
inhibited HDAC activity, as observed after the first lower dose (1 g/kg) of ethanol exposure,
suggesting that higher concentrations of ethanol are needed to achieve initial responses of
ethanol exposure.

Rapid tolerance to anxiolytic effects of acute ethanol and HDAC activity: effects of TSA
We examined the effects of TSA on rapid tolerance to the anxiolytic effects of ethanol and
on HDAC activity in the amygdala of rats. We found that a single injection of ethanol
produced anxiolytic effects as measured by the LDB (Figure 2A) and EPM (Figure 2B)
tests, while two injections of ethanol (24 hrs apart) were unable to elicit anxiolytic effects.
Results of the LDB test demonstrated that ethanol-treated rats (Ethanol+ Vehicle) spent
significantly (p<0.001) more time in the light compartment and less time in the dark
compartment, compared to control rats. No significant differences were found in the time
spent by ethanol-tolerant rats (Tolerant+ Vehicle) in either compartment, as compared with
control rats. However, TSA treated ethanol-tolerant rats spent significantly more time in the
light compartment and significantly less time in the dark compartment, compared to vehicle
treated tolerant (p<0.001) or control (p<0.001) rats. TSA treatment did not significantly
affect the time spent in either the light or dark compartments by the control rats (Figure 2A).
The blood ethanol levels (mg %) of the animals in various groups (mean± SEM; n=6–9)
were 100.08±5.38 (Ethanol+ Vehicle), 97.87±3.06 (Tolerant+ Vehicle), and 99.88±4.14
(Tolerant+ TSA).

We also examined anxiety-like behaviors using the EPM test (Figure 2B). Ethanol-treated
rats (Ethanol+ Vehicle) spent more time on the open arms (p<0.001) and had more open arm
entries (p<0.001) compared to control rats (Control+ Vehicle). However, two doses (24 hrs
apart) of ethanol (Tolerant+ Vehicle) did not produce anxiolytic effects, since we did not
observe any significant differences in the time spent on the open arms or in the percent open
arm entries of tolerant rats compared to the control rats. On the other hand, TSA-treated
ethanol-tolerant rats (Tolerant+ TSA) showed significantly higher open arm entries and the
time spent on the open arms compared to vehicle-treated tolerant rats (p<0.001) or control
rats (p<0.01). TSA treatment did not significantly affect the entries or time spent on open
and closed arms of the EPM by control rats (Figure 2B). The blood ethanol levels (mg %) of
the animals in various groups (mean± SEM; n=10) were 101.33±5.27 (Ethanol+ Vehicle),
103.33±6.75 (Tolerant+ Vehicle), and 101.09±5.43 (Tolerant+ TSA). The general activity of
rats, as measured by either the number of closed arm entries in EPM (Figure 2B) or the total
ambulations in the LDB exploration test (data not shown), was not significantly different for
various groups compared to the control group.

HDAC activity in the amygdala of control, ethanol, and ethanol-tolerant rats treated with
either vehicle or TSA was also determined (Figure 2C). HDAC activity was significantly
(p<0.001) inhibited after a single acute ethanol exposure (Ethanol+ Vehicle) compared to
control rats (Control+ Vehicle). However, this ethanol-induced inhibition of HDAC activity
was not seen after two exposures of ethanol, i.e. after the onset of tolerance (Tolerant+
Vehicle). Surprisingly, the expression of tolerance at the level of HDAC activity by two
consecutive doses of ethanol was prevented by TSA pretreatment (Tolerant+ TSA; 1 hr
before the second ethanol injection). HDAC activity was significantly (p<0.001) inhibited in
the amygdala of the tolerant rats treated with TSA compared to control rats. Interestingly,
HDAC activity in the amygdala was not significantly modulated by TSA treatment in
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control rats (Figure 2C). These results suggest that rapid tolerance to the anxiolytic effects of
ethanol may be due to development of tolerance to acute ethanol-induced inhibition of
HDAC activity in the amygdala of rats.

We also examined the effects of TSA pretreatment on acute ethanol (single injection)-
induced anxiolytic effects and inhibition of HDAC activity in the amygdala of rats (Figure
3A, B). Blood ethanol levels (mg %) in ethanol treated rats, with or without TSA
pretreatment (mean± SEM; n=6), were 79.8±2.9 (Ethanol+ Vehicle) and 87.2±2.6 (Ethanol+
TSA), respectively. It was found that ethanol significantly (p<0.001) inhibited HDAC
activity in the amygdala and produced anxiolytic effects, as demonstrated by significant
increases in time spent in the light compartment of the LDB. These effects of ethanol were
not changed by pretreatment with TSA (Figure 3A, B). These results suggest that TSA
pretreatment did not modulate the anxiolytic effects of ethanol or ethanol-induced inhibition
of HDAC activity in the amygdala of rats.

Effects of TSA on rapid ethanol tolerance-associated changes in histone acetylation in the
amygdala

In order to examine if tolerance-induced changes in HDAC activity may be associated with
changes in histone acetylation, we employed gold immunolabeling to measure the protein
levels of acetylated histones H3 (K9) and H4 (K8) in the amygdala of rats. The levels of
acetylated histones significantly (p<0.001) increased in the CeA and MeA, but not in BLA
(Figures 4A, B) of a single ethanol injected rats (Ethanol+ Vehicle) compared to control
(Control+ Vehicle) rats. However, this acute ethanol-induced increase in histone acetylation
was not observed in rats after two exposures (24 hrs apart) of the same dose of ethanol
(Tolerant+ Vehicle). TSA treatment also caused the reversal of tolerance at the level of
histone acetylation and significantly (p<0.001) increased protein levels of acetylated
histones (H3-K9 & H4-K8) in the CeA and MeA of ethanol-tolerant (Tolerant+ TSA) rats
compared to vehicle treated control and ethanol-tolerant rats. TSA treatment did not
significantly affect histone acetylation in any of the amygdaloid structures of control rats
(Figures 4A, B).

Effects of TSA on rapid ethanol tolerance-associated changes in NPY expression in the
amygdala

To examine the role of NPY in RET, changes in the levels of NPY in the amygdala during
ethanol tolerance were also investigated (Figures 5A, B). It was found that a single ethanol
exposure (Ethanol+ Vehicle) was able to significantly (p<0.001) increase NPY mRNA and
protein levels in the CeA and MeA, but not in the BLA of rats. However, two ethanol
exposures (Tolerant+ Vehicle) had no effect on NPY expression in any amygdaloid
structures of rats compared to control rats (Control+ Vehicle). In addition, it was found that
NPY protein and mRNA levels in the CeA and MeA of ethanol-tolerant rats treated with
TSA (Tolerant+ TSA) were significantly (p<0.001) higher compared to vehicle treated
control and ethanol-tolerant rats. These results suggest that RET at the level of NPY
expression in the amygdala can be reversed by TSA treatment.

Double-immunofluorescence labeling of histones and NPY with NeuN
Double-immunofluorescence labeling was performed in order to determine neuronal
localization of acetylated histones H3 and H4, and NPY in the amygdaloid structures of rats.
We found that acetylated histones (H3 & H4), as well as NPY, were predominantly
expressed in neurons, since these proteins were highly localized in NeuN-positive cells in
the CeA of rats (Figure 6). Similar observations were also observed in the MeA and BLA of
rats (data not shown). These results suggest that changes in the histone acetylation and NPY
expression in the CeA and MeA by ethanol and/or TSA treatment (Figures 4, 5) may be
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neuron-specific, since these proteins were observed to be predominantly localized in
neuronal cells (Figure 6).

DISCUSSION
The results of the present investigation show that cellular tolerance to the ethanol-induced
inhibition of HDAC and increased histone acetylation and NPY expression in the amygdala
of rats may be operative in the development of rapid tolerance to the anxiolytic effects of
ethanol (Figure 7). Several clinical and preclinical studies indicate a relationship between
anxiety and alcoholism, suggesting that the anxiolytic properties of ethanol may be crucial
in promoting drinking in an attempt to self-medicate (Carrigan and Randall, 2003; Cloninger
et al., 1988; Cooper et al., 1995; Conway et al., 2006; Debatin and Barbosa, 2006; Lipscomb
et al., 1980; Merikangas et al., 1998; Pandey et al., 2005; Primeaux et al., 2006; Schuckit
and Hesselbrock, 1994; Zhang et al., 2010). The phenomenon of rapid tolerance to the
anxiolytic effects of ethanol has been shown in both humans and animal models (Cloninger
et al., 1988; Debatin and Barbosa, 2006; Koob et al., 1987; Libscomb et al., 1980). Here, we
established a novel role for HDAC-induced histone modifications in the amygdala in the
molecular mechanisms of RET. Tolerance to both the inhibitory properties of HDACs and to
the anxiolytic effects of ethanol were observed after two consecutive days of ethanol (1 g/
kg) exposure. However, treatment with a higher dose (2 g/kg) of ethanol on the second day
produced anxiolytic effects and inhibited HDAC activity in the amygdala. This finding
supports the notion that rapid tolerance to the anxiolytic effects of ethanol may promote
drinking in order to achieve a response similar to that obtained from an initial ethanol
exposure. Using Drosophila melanogaster as a model, it was found that covalent histone
modifications and induction of BK-type Ca2+-activated K+ channel gene may be linked to
behavioral tolerance to the sedative effects of benzyl alcohol (Wang et al., 2007). Thus,
covalent histone modifications represent an attractive mechanism that may regulate gene
expression during the process of alcohol tolerance.

Eleven different zinc-dependent HDAC isoforms have been identified and categorized as
either class I (HDAC 1–3, 8), class II (HDAC 4–7, 9, 10), or class IV (HDAC 11) HDACs.
Class III HDACs are known as sirtuins and require NAD+ co-factor for activation (Abel and
Zukin, 2008; Chuang et al., 2009; Lee et al., 2008; Xu et al., 2007). It has been shown that
repeated ethanol exposure has no effect on histone (H3 & H4) acetylation in several brain
regions, such as the frontal cortex or nucleus accumbens (NAc) of rats (Pascual et al., 2009).
Our previous studies (Pandey et al., 2008) showed that chronic ethanol exposure had no
significant effect on HDAC activity, histone acetylation, or NPY expression in the
amygdala. Chronic ethanol exposure also did not elicit anxiety-like behaviors in rats,
whereas these behaviors appeared during withdrawal. HDAC activity significantly was
increased in the amygdala during withdrawal after chronic ethanol exposure, which
correlated with decreased acetylation of histones (H3 & H4) and decreased expression of
NPY in the CeA and MeA, but not in BLA of rats. Treatment with a pan-HDAC inhibitor,
TSA, attenuated the development of anxiety-like behaviors during ethanol withdrawal and
corrected ethanol withdrawal-induced deficits in both histone acetylation and NPY
expression in amygdaloid structures of rats (Pandey et al., 2008). Acute ethanol treatment
also inhibited HDAC activity in the amygdala and produced anxiolytic effects in rats
(Pandey et al., 2008). We extended these studies and found that HDAC-induced histone
modifications may be involved in the process of RET (Figure 7). Furthermore, the lack of
changes in HDAC activity, histone acetylation, and NPY expression in the amygdala during
chronic ethanol exposure (Pandey et al., 2008) and RET suggest that similar epigenetic
mechanisms may exist in the process of CET and RET. It is important to mention that the
majority of acetylated histones H3 and H4, as well as NPY proteins, were co-localized with
NeuN-positive neurons in amygdaloid structures. Therefore, it is possible that ethanol-
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induced chromatin remodeling may orchestrate different patterns of gene expression
profiling within neuronal networks in the amygdala that may contribute to the development
of RET.

HDACs have been emerging as potential therapeutic targets in the treatment of
neurodegenerative diseases and psychiatric disorders, including addictive behaviors (Abel
and Zukin, 2008; Kazantsev and Thompson, 2008; Kumar et al., 2005; Renthal and Nestler,
2008; Romieu et al., 2008; Tsakova et al., 2007). Recently, studies involving manipulation
of specific HDAC isoforms suggest the involvement of HDAC 2, HDAC 4, and HDAC 5 in
the pathogenesis of several brain disorders. For example, the hippocampal HDAC 5 isoform
and HDAC 2 isoform in the NAc were both shown to play roles in depressive behaviors and
in the mechanism of action of antidepressant drugs (Covington et al., 2009; Tsankova et al.,
2006). In addition, the HDAC 2 isoform was found to negatively regulate synaptic plasticity
related to memory formation (Guan et al., 2009), while the HDAC 4 isoform may be
involved in neuronal cell death and cocaine addiction (Bolger and Yao, 2005; Kumar et al.,
2005). These results clearly display distinct roles for specific HDAC isoforms in various
psychiatric diseases. Future studies are needed to investigate the specific roles of HDAC
isoforms in chromatin remodeling during alcoholism. Nonetheless, perturbing HDACs (class
I & II) by pharmacological means has revealed a critical role for HDAC-induced histone
modifications in the amygdala during the development of RET. It is important to point out
that TSA treatment had no effect on HDAC activity, histone acetylation, or NPY expression
in control rats, similar to findings from our previous study (Pandey et al., 2008). However,
when HDACs were perturbed, as in ethanol tolerant and dependent rats, TSA was able to
reverse RET and block the development of anxiety-like behaviors during withdrawal after
chronic ethanol exposure in rats (Pandey et al., 2008). These findings are also supported by
the observations that TSA pretreatment did not modulate the acute ethanol-induced
anxiolytic effects or inhibition of HDAC activity in the amygdala of rats. Similarly, other
investigators (Kumar et al., 2005) have shown that HDAC inhibitors alone have no effects
on striatal histone phospho-acetylation or histone acetylation-mediated changes in c-fos
expression in control rats, but significantly modulated the cocaine-mediated responses on
these measures.

RET may be mediated by histone modification-induced gene expression in the amygdala or
other brain regions. One such mechanism could involve changes in NPY expression in the
CeA and MeA. NPY is an endogenous anxiolytic compound and higher levels of NPY in the
amygdala, particularly in the CeA, have been shown to be anxiolytic, whereas lower levels
of NPY have been shown to be anxiogenic in various animal models (Gilpin et al., 2008;
Heilig 1995; Heilig and Widerlov, 1995; Heilig et al., 1989; Pandey 2004; Pandey et al.,
2005, 2008; Primeaux et al., 2006; Thorsell et al., 2007; Zhang et al., 2010). We found that
acute ethanol increased NPY expression in the CeA and MeA, whereas NPY levels were not
altered in ethanol-tolerant rats. However, TSA treatment was able to increase NPY
expression in the CeA and MeA of ethanol-tolerant, but not of control rats. These results
suggest that rapid induction of NPY by acute ethanol and an observed lack of response in
NPY expression during ethanol tolerance may be regulated via HDAC-induced epigenetic
changes in the amygdala. Several other mechanisms related to neurotransmitters such as
glutamate, gamma aminobutyric acid, and arginine-vasopressin, and cyclic-AMP signaling
systems have been implicated in acute ethanol tolerance (Hoffman and Tabakoff, 1989;
Kalant 1998; Kumar et al., 2009; Yang et al., 2003). A recent genomic study showed that
genes involved in synaptic plasticity may also play a role in AFT (Hu et al., 2008). Future
studies are needed to examine if HDAC-induced histone modifications in the amygdala
during ethanol exposure is responsible for changes in the expression of genes, other than
NPY, and their possible roles in RET.
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These results for the first time suggest that the treatment with HDAC inhibitors, such as
TSA, was able to reverse rapid tolerance to the anxiolytic effects of ethanol via HDAC-
induced epigenetic changes in the amygdala (Fig. 7). These findings, along with our
previous report on alcohol dependence (Pandey et al., 2008), suggest that HDAC-induced
histone modifications in the amygdala may be involved in the process of alcoholism.
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Figure 1.
The effects of acute ethanol exposure [Ethanol group (1 g/kg; I.P.)] and tolerance (1 g/kg or
2 g/kg) [Tolerant (1g) group or Tolerant (2g) group], on the light/dark box (LDB)
exploration test of anxiety-like behavior (A) and HDAC activity in the amygdala of rats (B).
Values are the mean ± SEM of 7 rats in each group. *Significantly different from their
respective control groups [p<0.05-0.001; ANOVA (F 3, 24 =112, p<0.001 for LDB;
F3, 24=8.6, p<0.001 for HDAC activity) followed by Tukey’s test].
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Figure 2.
The effects of acute ethanol exposure [Ethanol group (1 g/kg; I.P.)] and tolerance (1 g/kg)
with (Tolerant+ TSA) or without TSA (Tolerant+ Vehicle) treatment on anxiety-like
behavior in rats using the light/dark box exploration (LDB) test (A) and elevated plus maze
(EPM) test (B), and HDAC activity in the amygdala (C). Values are the mean ± SEM of 6–9
rats for the LDB exploration test and HDAC activity measurement, whereas 10 rats per
group for the EPM test. *Significantly different from their respective control groups
[p<0.01-0.001; ANOVA (F4, 34=29.9, p<0.001 for LDB; F4, 45=16.8, p<0.001 for EPM %
open arm time spent; F4, 45=36.5, p<0.001 for EPM % open arm entries; F4, 34=13.9,
p<0.001 for HDAC activity) followed by Tukey’s test].
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Figure 3.
The effects of TSA pretreatment on acute ethanol exposure (1g/kg; I.P.)-mediated anxiolytic
effects in rats using the light/dark box exploration (LDB) test (A) and inhibition of HDAC
activity in the amygdala (B). Values are the mean ± SEM of 6 rats. *Significantly different
from control group [p<0.001; ANOVA (F 2, 15 =18.0, p<0.001 for LDB; F2, 15=49.9,
p<0.001 for HDAC activity) followed by Tukey’s test].
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Figure 4.
A) Representative low-magnification photomicrographs of acetylated histones H3 (Lys 9)
and H4 (Lys 8) gold-immunolabeling in central amygdaloid (CeA) structures of control rats
with (Control+ TSA) or without TSA (Control+ Vehicle) treatments, ethanol-treated rats
(Ethanol+ Vehicle) or ethanol-tolerant rats with (Tolerant+ TSA) or without TSA (Tolerant+
Vehicle) treatments (Scale bar = 40 μm). B) Changes in the acetylation of histones H3 and
H4 in various amygdaloid (CeA, MeA, and BLA) structures of control rats with (Control+
TSA) or without (Control+ Vehicle) TSA treatments, ethanol-treated rats (Ethanol+ Vehicle)
and ethanol-tolerant rats with (Tolerant+ TSA) or without (Tolerant+ Vehicle) TSA
treatments. Values are the mean ± SEM of 5–6 rats per group. *Significantly different from
their respective control groups [p<0.001; ANOVA (acetylated histone H3: CeA,
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F4, 25=117.7, p<0.001; MeA, F4, 25=95, p<0.001; Acetylated histone H4: CeA, F4, 20=104.8,
p<0.001; MeA, F4, 20=98.8, p<0.001) followed by Tukey’s test)].
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Figure 5.
A) Representative low-magnification photomicrographs of NPY in situ RT-PCR (mRNA
levels) and NPY gold-immunolabeling (protein levels) in central amygdaloid (CeA)
structures of control rats with (Control+ TSA) or without TSA (Control+ Vehicle)
treatments, ethanol-treated (Ethanol+ Vehicle) or ethanol-tolerant rats with (Tolerant+ TSA)
or without TSA (Tolerant+ Vehicle) treatments (Scale bar= 40 μm). B) Changes in mRNA
and protein levels of NPY in CeA, MeA, and BLA of control rats with (Control+ TSA) or
without TSA (Control+ Vehicle) treatments, ethanol-treated (Ethanol+ Vehicle) or ethanol-
tolerant rats with (Tolerant+ TSA) or without TSA (Tolerant+ Vehicle) treatments. Values
are the mean ± SEM of 5 rats in each group. *Significantly different from their respective
control groups (p<0.001; ANOVA (NPY protein: CeA, F4, 20=122.1, p<0.001; MeA,
F4, 20=159.8, p<0.001; NPY mRNA: CeA, F 4, 20=83.1, p<0.001; MeA, F4, 20=89, p<0.001)
followed by Tukey’s test)].
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Figure 6.
Representative photomicrographs showing immunofluorescence staining of acetylated
histones H3 or H4, or NPY (green), and NeuN (red) in the cells of the central nucleus of
amygdala (CeA). The yellow color represents localization of acetylated histones and NPY in
NeuN-positive cells. Acetylated histones H3 and H4, and NPY are predominantly expressed
in NeuN-positive cells. Scale bar = 50 μm.
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Figure 7.
A schematic model depicting the possible molecular mechanisms of rapid tolerance to the
anxiolytic effects of ethanol, within the amygdaloid neurocircuitries (particularly central and
medial amygdaloid structures). First acute ethanol exposure (1 g/kg) inhibits histone
deacetylases (HDAC), thereby increasing histone acetylation (Ac). Increased histone
acetylation opens the chromatin structure (relaxed chromatin), making it more accessible to
transcriptional machinery, thereby increasing neuropeptide Y (NPY) gene expression, and
ultimately eliciting an anxiolytic response. The second ethanol exposure using the same dose
(1 g/kg) as the first ethanol exposure does not inhibit HDAC activity or increase histone
acetylation, maintaining normal chromatin structure and no change in NPY expression or
anxiety levels, i.e. development of rapid tolerance. However, treatment with the HDAC
inhibitor, trichostatin A (TSA), prior to the second ethanol exposure (1 g/kg), prevents the
expression of rapid ethanol tolerance by inhibiting HDAC and increasing both histone
acetylation and NPY levels. On the other hand, a second ethanol exposure using a higher
dose of ethanol (2 g/kg) elicited a similar response (inhibition of HDACs and anxiolytic
effects) observed after the first ethanol exposure using a lower dose (1 g/kg), suggesting that
higher concentrations of ethanol are needed during a second exposure to ethanol in order to
overcome the onset of tolerance and experience the anxiolytic effects of ethanol. This may
lead to development of alcohol addiction.
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